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A B S T R A C T
Background: Achondroplasia is characterised by a shorter appendicular limb-to-torso ratio, compared to age
matched individuals of average stature (controls). Previous work shows gait kinematics of individuals with
Achondroplasia diﬀering to controls, but no global quantiﬁcation of gait has been made in adults with
Achondroplasia.
Aim: The aim of this study was to quantify gait diﬀerences between a group of adult males with Achondroplasia
and controls during self-selected walking (SSW) using the Gait Proﬁle Score (GPS).
Design: Whole body motion analysis of 10 adults with Achondroplasia (22 ± 3 yrs) who had not undergone leg
lengthening and 17 adult controls (22 ± 2 yrs) was undertaken using a 14 camera VICON system (100 Hz). For
each group, ﬁfteen root mean squared Gait Variable Scores (GVS, units °) were computed from lower limb
kinematic data and then summed to calculate GPS (°).
Results: The group with Achondroplasia had higher GVSs than controls in 10 of the 15 measures (P < 0.05)
with the largest diﬀerences found in ankle plantar/dorsiﬂexion (P < 0.001), knee ﬂexion/extension
(P < 0.001), and hip internal/external rotation (P < 0.001). The GPS value of the group with Achondroplasia
was 64% higher than controls (11.4° (2.0) v 4.1° (1.8), P < 0.001).
Conclusion: Gait is quantitatively diﬀerent in adults with Achondroplasia compared to controls. The diﬀerences
in GPS between groups are due to diﬀerences in joint kinematics, which are possibly manifested by maintaining
toe-clearance during swing. Gait models derived from the anatomy of individuals with Achondroplasia may
improve these data.
1. Introduction
Achondroplasia is a genetic condition characterised by short stature
due to a shorter growth of long bones in the appendicular skeleton
compared to the torso. This presents as a disproportionate limb-to-torso
length compared age matched able bodied individuals (controls) [1–3].
The shorter, disproportionate, leg length in individuals with Achon-
droplasia appear to alter gait kinematics at self-selected walking speeds
(SSW) compared to controls [4–7]. Descriptions of gait in adults with
Achondroplasia are sparse but do show that their knee and ankle are
more ﬂexed and dorsiﬂexed than controls during the whole gait cycle.
These joint positions are possibly due to a larger foot-to-leg length ratio
in individuals with Achondroplasia compared to controls. This rela-
tively longer foot may require lower limb joints to be more ﬂexed to
avoid toe contact with the ﬂoor during swing [5]. Consequently, gait of
individuals with Achondroplasia appears diﬀerent to controls. With the
large number of kinematic variables that are collected during gait
however, quantifying any population’s global diﬀerence to controls is
diﬃcult. In order to compare global gait scores for clinical populations
to control populations, methods have been developed by incorporating
a number of diﬀerent kinematic variables. One such method is the Gait
Proﬁle Score (GPS); lower GPS values represent a more comparable
movement pattern to that of a control population over a complete stride
[8].
GPS has been used to compare diﬀerences in gait between in-
dividuals with and without gait limiting pathologies and has been
conducted under various conditions [8–13]. It is derived by summing
15 root mean square (RMS) diﬀerences in gait related kinematics
during the gait cycle. GPS correlates well with clinical assessments
[10], has high face validity [9] and aﬀords the ability to perform more
powerful statistical analyses than other global gait indices, such as the
Gait Deviation Index [14], thus allowing for a better understanding of
clinical relevance [15]. Calculation of GPS allows for inter- and intra-
joint and plane comparisons within and between groups with diﬀerent
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pathologies. This is useful to determine which are the predominant
joints aﬀecting diﬀerences in gait between groups and therefore aid in
gait rehabilitation or gait improvement interventions. For example,
previous observations of a more ﬂexed knee and dorsiﬂexed ankle
throughout the stride of an individual with Achondroplasia would be
highlighted and then combined with other joint kinematics to form a
GPS [5]. Quantifying a global gait score for an individual with
Achondroplasia would also provide reference data to monitor gait im-
provements following interventions, such as gait following leg-length-
ening surgery [4,7]. However, to the authors’ knowledge, no such
measure of gait diﬀerence has been made in any population with
Achondroplasia. The aim of this study was to describe the global SSW
gait kinematics of adults with Achondroplasia using GPS and compare
to controls.
2. Method
After providing written consent, 10 adults medically deﬁned as
presenting Achondroplasia, and 17 age matched controls volunteered to
participate in the study (anthropometrics are given in Table 1). All
participants self-reported as undertaking between 2–3 h of structured
physical activity per week and were free from any gait limiting lower
limb injury. None of the participants with Achondroplasia had under-
gone leg lengthened surgery. Ethical approval was obtained from the
local committee and each participant attended one testing session in the
biomechanics laboratory of Manchester Metropolitan University where
anthropometric and kinematic assessments at SSW were conducted. Leg
length (m) of all participants was measured as the distance from the
anterior iliac spine to the medial malleolus of the ankle while standing.
Foot length (m) was measured as the vector distance between heel and
toe markers from the biomechanical gait model described below. Re-
lative foot length (%) was then calculated as the ratio of foot and leg
length, as done elsewhere [5].
2.1. Self-selected walking speed and kinematic measures
Three-dimensional (3D) motion analysis hardware (VICON, Oxford,
UK) was used to determine gait parameters. Measures of leg length,
knee width, ankle width and inter-ASIS distance of each participant
were taken and entered into the software (Nexus 2.5) to estimate joint
centre locations [16]. A conventional gait model (Plug-in-Gait) con-
sisting of 39 markers was used to obtain lower limb joint kinematics
and centre of mass kinematics by using inertial properties described by
Dempster [17]. Fourteen cameras (VICON MX T160, 100 Hz), cali-
brated following the manufacturer’s guidelines, were positioned on
scaﬀolding giving a∼170 m3 capture area. Participants were invited to
walk at a self-prescribed speed around the laboratory (∼40m total)
and then along ∼10m walkway three times. Each time, a single stride
of the left leg, nearest to the centre of the calibration volume, was used
to determine lower limb and centre of mass kinematics of each parti-
cipant. A Bonita camera (720C, 100 Hz) was placed perpendicular to
the plane of motion and synchronised with the VICON system. Gait
events were determined manually post-trial by using the video images
provided by the Bonita camera. In all trials, kinematic data was
smoothed using a Butterworth ﬁlter with a cut oﬀ frequency chosen
based on residual analysis of each trail and then time normalised to 100
data points using a cubic spline interpolation method (Microsoft Excel
macro, 2000). Lower limb and centre of mass kinematics were averaged
for each participant and SSW was determined as the average speed of
the centre of mass for the three strides.
2.2. Gait proﬁle score
Based on the method proposed by Baker et al. [8] and presented in
Baker et al. [10], 15 gait speciﬁc RMS diﬀerences, known as Gait
Variable Scores (GVSs, units °) were calculated for each group. Speci-
ﬁcally, GVSs were calculated for: pelvic tilt, obliquity and rotation; hip
ﬂexion/extension, abduction/adduction and internal/external rotation;
knee ﬂexion/extension; ankle plantar/dorsiﬂexion; foot progression;
and, a total GVS for each leg (Eq. (1) [10],). For the GVSs of the adults
with Achondroplasia, RMS diﬀerences were compared to the control
mean, whereas the control group’s GVSs were compared to their own
mean. GPS (units °) was then calculated as the sum of the RMS of each
groups’ 15 GVSs, given in Eq. (2) [10].
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WhereGVSi is the i th gait variable score for a speciﬁed joint, xi t, is each
participant’s gait variable (Achondroplasia and control), i, calculated at
a speciﬁc time point, t, and x¯i tref, is the same variable averaged from the
reference group (control only), T is the number of data points the gait
cycle is divided into.
2.3. Statistical analysis
Each GVS was inferentially compared between groups and pre-
sented graphically as a collection of RMS diﬀerences known as the
Movement Analysis Proﬁle (MAP) [8]. All statistical analysis was con-
ducted using SPSS (IBM, v24). An independent t-test was run between
groups’ anthropometric variables. A log-transformation of GVS was
performed due to the skewed distribution of the data. To account for
Type I errors, Mann Whitney-U tests were conducted to identify eﬀects
between groups’ individual GVSs and GPS. Wilcoxon tests were per-
formed within each group to identify eﬀects between left and right legs
for each GVS. Alpha was set to ≤ 0.05, with data presented as median
(interquartile range, IQR).
3. Results
There was no diﬀerence in age between groups (P= 0.487), while
the group of adults with Achondroplasia were 23% shorter (P < 0.001)
and 19% lighter than controls (P < 0.001, Table 1). The adults with
Achondroplasia had a shorter leg (P < 0.001) and foot (P < 0.001)
but had a longer foot-to-leg length ratio compared to controls
(P < 0.001, Table 1). The adults with Achondroplasia were 24%
slower than controls (P < 0.001, Table 1).
No diﬀerences were found in any GVS score between the left and
right leg within each group (P > 0.05, Fig. 1). There was also no dif-
ference in pelvic anterior/posterior tilt GVS (P=0.303), hip ﬂexion/
extension GVS (P=0.497) or foot progression GVS between groups
(P= 0.507, Fig. 1). The adults with Achondroplasia had a higher GVS
in knee ﬂexion/extension (P < 0.001), ankle plantar/dorsiﬂexion
(P < 0.001), pelvis obliquity (P < 0.001), hip abduction/adduction
(P= 0.001), pelvis rotation (P= 0.006), hip rotation (P=0.001) and
Table 1
Anthropometric values for the group with Achondroplasia and controls. Values
given as mean (SD).
Achondroplasia Control
Age (yrs) 22 (3) 22 (2)
Stature (m) 1.38 (0.05) * 1.79 (0.08)
Mass (kg) 61.8 (8.5) * 78.3 (10.7)
Leg Length (m) 0.51 (0.03) * 0.86 (0.05)
Foot Length (m) 0.18 (0.01) * 0.22 (0.01)
Relative Foot Length (%) 36.0 (2.1) * 25.6 (1.5)
SSW (m·s−1) 1.05 (0.17) * 1.38 (0.19)
SSW, Self-selected Walking Speed; * P≤ 0.001.
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total leg GVS compared to controls (P=0.020, Fig. 1). The group of
adults with Achondroplasia also had a 64% greater total GPS than
controls (P < 0.001, Fig. 1).
4. Discussion
This study aimed to describe the SSW gait of adult males with
Achondroplasia using GPS. The main ﬁndings were that 1) adults with
Achondroplasia presented a number of higher GVSs, other than pelvis
anterior/posterior tilt, hip ﬂexion/extension and foot progression; and
2) GPS was 64% greater in the adults with Achondroplasia than con-
trols, suggesting that the gait of adults with Achondroplasia is diﬀerent
to controls.
The GPS was devised to describe numerous gait related variables
throughout the gait cycle using a single number. GPS has been used to
describe and determine gait ‘quality’ in clinical populations compared
to controls [8–10]. The results presented in this study suggest that the
gait of adults with Achondroplasia is of a lower quality than controls.
The GPS of the group with Achondroplasia (11.4° (2.0)) is consistent
with conditions that present musculoskeletal impairments such as spina
biﬁda, ligamentous laxity, paraplegia and Cerebral Palsy (7.5–14.5°
[10,13]). While the GPS of the group with Achondroplasia is higher
than controls, the term ‘quality’, that has been associated with GPS, is
ambiguous in the current context as it has limited biomechanical or
physiological meaning. Certainly, a higher GPS infers a diﬀerence in
gait, but not necessarily a lower quality of gait; this is likely the case in
many populations of anatomical deformity. Within this context, GPS
would be strengthened alongside single joint kinematic patterns during
the gait cycle, such as that applied in the present study (Fig. 2). While
not presenting kinematic patterns of single joints, the GPS does provide
a quantitative value of the RMS diﬀerence for individual joint planes
(here as GVSs), unlike other global gait indices ((e.g. the Gait Deviation
Index [14]). In the current study, all GVSs (other than pelvis anterior/
posterior tilt, hip ﬂexion/extension and foot progression) were larger in
the group with Achondroplasia. Of note, the GVSs of knee ﬂexion/ex-
tension (55%), ankle planta/dorsiﬂexion (64%) and hip internal/ex-
ternal rotation (50%) were the largest diﬀerences. The anthropometry
and muscular strength of the adults with Achondroplasia as well as the
methods used to obtain joint kinematics may explain the diﬀerences in
hip, knee and ankle GVSs and GPS between groups.
The current group with Achondroplasia had a relatively longer foot
(foot-to-leg length ratio) than controls, consistent with previous reports
[5]. For the toe of the relatively longer foot to clear the ﬂoor during
swing phase, more ﬂexion of the lower limb joints is required. Indeed,
more knee ﬂexion and more ankle dorsiﬂexion were observed in the
adults with Achondroplasia during gait (Fig. 2). These kinematic dif-
ferences in the knee and ankle contribute to a higher knee ﬂexion/ex-
tension GVS and ankle plantar/dorsiﬂexion GVS respectively. Both
would contribute to a higher GPS in the group with Achondroplasia
than controls, leading to the assumption of lower gait quality. Greater
knee ﬂexion and ankle dorsiﬂexion during gait is observed in the cur-
rent group with Achondroplasia and in other groups with Achon-
droplasia compared to controls [5–7]. Diﬀerences are however ob-
served in kinematic patterns of the current group with Achondroplasia
compared to previous groups with Achondroplasia [5–7]. For example,
a leg lengthened group, of similar age to the current cohort, appear less
Fig. 1. Movement analysis proﬁle of the group with
Achondroplasia (grey) and controls (black) for one stride.
Individual gait variable scores (GVS) for the left (light grey) and
right (dark grey) sides. Note that the pelvis is one segment and
therefore is presented for the left side only. Total GVS for the left
and right leg and the gait proﬁle score are presented on the
rightmost columns. Data are presented as median and inter-
quartile ranges. * P < 0.05, † P≤ 0.01, ‡ P≤ 0.001 for between
group comparisons only.
Fig. 2. Sagittal joint kinematics of a) knee and b) ankle and transverse kine-
matic patterns of c) hip during one complete stride for the group with
Achondroplasia (light grey) and control group (dark grey). Solid lines represent
the respective group mean and shaded areas represent± 1 standard deviation.
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ﬂexed at the knee and ankle [7]; this is likely due to a smaller foot-to-
leg length ratio in the leg lengthened group. Regardless of reported
diﬀerences in gait between groups with Achondroplasia (e.g. age and
leg length), it is likely that a GPS of any individual with Achondroplasia
is higher than age matched controls due to the foot-to-leg length ratio.
This topic though, requires further work in the population.
The higher knee ﬂexion/extension GVS in current group of adults
with Achondroplasia compared to controls could have been inﬂated by
the joint marker placement and/or hip joint centre (HJC) predictions.
The current study used a Plug-in-Gait model to determine joint kine-
matics. The model is hierarchal in that distal joints are predicted based
on proximal joints. As such, the accurate prediction of the HJC is of
utmost importance. The HJC prediction is based on leg length and the
distance between the anterior and posterior processes of the iliac spine
[16], which are disproportionate between the observed groups. While
Plug-in-Gait does not use a direct HJC marker, an interpretation of the
HJC (i.e. greater trochanter) is required to place the lateral thigh
marker. The thigh marker is aligned between the identiﬁable greater
trochanter and knee marker for both groups so that it is placed in the
transverse plane of the femur. Separate analysis of the HJC in the
current group with Achondroplasia group suggests that either the
palpable identiﬁcation of the greater trochanter does not represent the
HJC or, the anthropometric dimensions used to predict HJC are in-
correct for populations with Achondroplasia (Fig. 3). In the current
group with Achondroplasia, the HJC appears to be more posterior than
the identiﬁcation of the greater trochanter which is contrary to previous
work that has estimated the HJC of individuals with Achondroplasia.
Broström et al. [18] showed that a functional method [19] of identi-
fying HJC in individuals with Achondroplasia was 15.6 mm more pos-
terior than the Plug-in-Gait model [16], but could range from 1.7 to
31.3 mm more posterior than Plug-in-Gait’s prediction. Broström et al.
suggested that a functional prediction of HJC in individuals with
Achondroplasia should be incorporated into future gait research of in-
dividuals with Achondroplasia. However, were the functional model to
be used in the present study, the HJC would more even more posterior
in the group with Achondroplasia than that predicted here by Plug-in-
Gait (Fig. 3). This would lead to greater knee ﬂexion estimates of the
group with Achondroplasia and in turn undoubtedly raise their re-
spective GVSs and GPS. Conversely though, a more anteriorly placed
thigh marker would result in greater internal hip rotation in either
group [20]. The kinematic pattern of the hip in the group with
Achondroplasia however, show a persistently more externally rotated
hip than controls during the entire stride.
The higher hip internal/external GVS of the group with
Achondroplasia is due to a more externally rotated hip. In controls, a
larger beta-angle of the femur correlates positively with internal rota-
tion of the hip [21]; a smaller beta-angle is observed in individuals with
Achondroplasia though [22]. The smaller beta-angle observed in this
population would therefore be a viable explanation for their more ex-
ternally rotated hip during gait and their higher internal/external GVS
than controls. No correlations between hip rotation angles and beta-
angles have been made in individuals with Achondroplasia though and
is required to conﬁrm this explanation. We have recently shown that a
strength imbalance exists between the knee extensors and ﬂexors in
individuals with Achondroplasia [23]. Such an imbalance may exist in
other muscle groups within the population, such as between the in-
ternal and external hip rotators. As strength correlates positively with
muscle size [24,25], and with the external rotators of the hip being
larger than the internal rotators [23], the potential imbalance may
contribute to a more externally rotated hip. Again though, further work
is necessary to demonstrate this explanation.
Biomechanical models used for the measurement of gait kinematics
are developed by the joint markers being placed on anatomical loca-
tions which are an estimated distance from the joint centre. These
distances are becoming more accurate through the use of imaging
techniques such as magnetic resonance imaging [26] and computed
tomography [27]. In contrast, the placement of kinematic markers on
the group with Achondroplasia were based on the same anatomical
palpitation designed to accurately predict joint centres in controls (see
limitations section below). There is the potential therefore, that the
process by which markers are placed on the individuals with Achon-
droplasia could induce systematic bias within some of the kinematic
measures, e.g. knee ﬂexion angles due to the misplacement of the thigh
marker. Were there systematic bias in marker placement though, the
direction of the diﬀerence between groups’ knee ﬂexion, ankle dorsi-
ﬂexion and external hip rotation positions would likely be the same. In
fact, the externally rotated position of the hips of the group with
Achondroplasia may be greater than that reported in the current study
due to the above arguments regarding beta-angle of the femur in in-
dividuals with Achondroplasia compared to controls. We are conﬁdent
however, that regardless of the model used, or suggested for gait ana-
lyses in individuals with Achondroplasia [18,19], only knee ﬂexion/
extension and hip rotation GVSs would be aﬀected in this group were
the thigh marker placement incorrect. It is probable therefore, that the
GPS of any individual with Achondroplasia (e.g. child or following gait
correction interventions) would be higher than controls and therefore
the use of GPS to compare gait of individuals with Achondroplasia to
controls is somewhat null. A GPS analysis of an individual with
Achondroplasia would certainly be worthwhile when compared to
other groups with Achondroplasia, for example following exercise or
leg lengthening surgery. We suggest therefore, that the data presented
here act as reference data for future individuals with Achondroplasia to
be compared to, rather than indicate ‘gait corrections’ to lower the GPS
of the group with Achondroplasia to be in line with controls.
Limitations
Despite what appears to be a relatively low sample, the group of
Fig. 3. Sagittal view of the mean position Plug-in-Gait markers for
the group with Achondroplasia (left) and controls (right). Black
circles represent the respective bony landmarks and the hip joint
centre (HJC) while white circles represent segment markers used
for rotational variables in the Plug-in-Gait model (PiG). For the
example of individuals with Achondroplasia (left), the dark grey
circles represent the estimated HJC from the equations presented
by Broström et al. [19] and the light grey circles represent the
estimated HJC based on the palpable greater trochanter, which in
this case is extrapolated from the knee and thigh marker. Solid
lines represent respective segments, from which joint angles are
calculated and dotted line represents the estimated thigh segments
based on the HJC prediction from Broström et al. [19] and the
palpable greater trochanter.
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individuals with Achondroplasia included in this study consisted of
∼13% of the registered U.K. population of physically active males
between the age of 18–35 yrs. The current group with Achondroplasia
also represents the most homogenous skeletal dysplasic group available
in the gait literature (i.e. accounting for age, sex, condition, pre-leg
lengthened and activity levels) and does provide a useful reference for
other individuals with Achondroplasia to be compared to due to the
homogeneity of our group. However, while the data from this study are
applicable to the other active males with Achondroplasia within the
U.K., and the world, they do not necessarily represent other cohorts
with Achondroplasia, such as females, the elderly, children or inactive
males.
With the Plug-in-Gait model being developed in controls, the con-
trol data presented in this study is representative of the wider control
data. Indeed, the controls’ GPS data matches that of other control GPS
data available in the literature (e.g. [8,9,28]). Given the arguments
within the discussion that there may be systematic error in the place-
ment of the thigh marker in the group with Achondroplasia, further
work should ideally develop gait models for these individuals through
the use of detailed imaging techniques, like those available in control
groups and children [26,27]. Furthermore, a full spatio-temporal ana-
lysis of gait that incorporates other gait related biomechanical mea-
sures, such as ground reaction forces or electromyography data, is re-
quired to fully identify the mechanisms to why the gait of individuals
with Achondroplasia is diﬀerent to controls.
5. Conclusion
The current study aimed to describe the SSW gait of an adult group
with Achondroplasia using GPS. While we demonstrate that the GPS of
individuals with Achondroplasia is 64% higher than controls, this is
most likely due to higher knee ﬂexion/extension, ankle plantar/dorsi-
ﬂexion and hip rotation GVSs in the group with Achondroplasia. The
diﬀerence in GPS is most likely due to the need to avoid toe contact
during swing phase of the group with Achondroplasia.
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